That plant dwarfism is caused by hormonal defects related to gibberellin and brassinosteroid has been well documented. Other contributing elements, however, have not been elucidated. Here, we report on one of the most severe dwarf mutants of rice, dwarf bamboo shoot 1 (dbs1). Most mutant plants died within 1 month after sowing, but a few (5.2%) survived and grew. Vacuolation enlarged cells in the leaf primordia and seminal root before abortion, which disrupted the organized cell files in these organs. Relative to the severe defects in shoot and root growth, the overall structure of the dbs1 embryo was almost normal. Similarly, initiation and organogenesis of the leaf primordia at the shoot apical meristem and those of the lateral root primordia at the root elongation zone occurred normally. These observations suggest that DBS1 is involved in the growth and development of organs but not in organ initiation or organogenesis. Positional cloning of DBS1 revealed that it encoded a NACK-type kinesin-like protein (OsNACK), homologous to the essential components of a mitogen-activated protein kinase cascade during plant cytokinesis. A BLAST search indicated that DBS1 was the only gene encoding the OsNACK-type protein in the rice genome, and the dbs1 mutant produced only small amounts of the translatable DBS1 mRNA. Thus, we conclude that the dbs1 mutation causes a severe defect in DBS1 function but does not completely shut it down. We discuss the leaky phenotype of dbs1 under the restricted functioning of OsNACK.
Introduction
Plant dwarfism, a major phenotypic trait in plant breeding, is caused by defects in various hormones, but only gibberellin and brassinosteroid (BR) have been studied extensively. Several rice mutants defective in gibberellin and BR biosynthesis or perception have been isolated and categorized, revealing the typical characteristics of gibberellin-and BRrelated mutants (Mandava 1988 , Clouse and Sasse 1998 , Taiz and Zeiger 2002 , Fujioka and Yokota 2003 . For example, gibberellin-related rice mutants typically show dwarfism with deep green, rough leaves but exhibit no other abnormal morphology (Sakamoto et al. 2004) . In contrast, BR-deficient rice mutants usually show dwarfism with other abnormal morphological traits, including malformed leaves with twisted, stiff blades (Hong et al. 2002 , Hong et al. 2004 , Hong et al. 2005 .
Although >60 rice dwarf mutants have been identified (Matsuo et al. 1997) , little is known about the mutants with phenotypes other than those related to gibberellin or BR. These dwarf mutants may result from several causes, including defects related to the elongation and/or division of stem cells. The rice mutant d3, which exhibits dwarfism and increased tiller numbers, is one such case. The D3 gene encodes an F-box leucine-rich repeat (LRR) protein homologous to Arabidopsis MAX2/ORE9, indicating that a novel protein is involved in rice stem elongation (Ishikawa et al. 2005) ; another type of rice dwarf mutant, dwarf and gladius leaf 1 (dgl1), produces leaves with abnormally rounded tip regions (Komorisono et al. 2005) . The DGL1 gene encodes a 60 kDa microtubule-severing katanin-like protein, which facilitates cell elongation and division by rearranging microtubules with its microtubule-severing function; this suggests that the microtubule rearrangement by the katanin-like protein is also essential for normal cell elongation and division in leaves and stems.
To understand better the molecular mechanisms of stem elongation in rice, we collected rice dwarf mutants with phenotypes different from the typical gibberellin-and BR-related dwarf mutants. These mutants were categorized into several groups according to their morphogical traits. For example, some mutants exhibited dwarfism with narrow leaves and increased tiller numbers (dwarf and increased tiller; the d3 mutant was placed in this group), and others showed more extreme dwarfism. In the present study, we investigated dwarf bamboo shoot 1 (dbs1) because this mutant exhibits extremely severe defects in shoot and root elongation.
Most mutant plants grew about 1 cm in length during the month after sowing and then died (see Results). This severe dwarf phenotype of dbs1 led us to speculate that DBS1 may be involved in an important mechanism of cell elongation and/or division in rice. The DBS1 gene was found to encode a kinesinlike protein that was necessary in cytokinesis. The molecular analysis of the dbs1 mutant allele indicated that this allele did not completely impair the DBS1 function, and thus the opportunistic phenotype of dbs1 may be caused by a leaky function of DBS1. Using this leaky mutant, we investigated the effect of cytokinesis on organ initiation and development in rice.
Results

Phenotypic analysis of dbs1
The growth of dbs1 was severely inhibited in both the shoot and root. The plant height of the mutant seedlings at 1 month after sowing was about 1 cm, while the wild type (WT) grew to about 15 cm (Fig. 1A, B) . The length of the mutant seminal root was about 3 mm, while that of the WT was >5 cm. As the dwarfism of dbs1 was more severe than the most severe dwarf mutants related to gibberellin (gid1-1) or BR (bri1-3), dbs1 was placed in the most severe dwarf group. In contrast to the severe inhibition of shoot and root growth, the initiation of the leaf and seminal root occurred normally (Fig. 1B) , indicating that the DBS1 gene was mainly involved in growth and/or elongation of the shoot and root but not in their organogenesis; the initiation frequency of leaf primordia (plastochron) in the mutant was almost identical to that in the WT (Table 1) . Fig. 1 Morphological characterization of dbs1. (A) Gross morphology of dbs1 at 1 month after sowing. To compare the severe dwarfism of dbs1, the most severe dwarf mutants related to gibberellin (gid1-1) and BR (bri1-3) are also represented. Scale bars = 5 cm. (B) A close-up view of dbs1 is superimposed. Scale bars = 1 cm. (C) Gross morphology of WT (left) and dbs1 (right) at 2 months after sowing. (D) Close-up view of dbs1. The leaf number is above each leaf. Note the sudden enlargement of the ninth leaf relative to the previous leaves. Scale bars = 5 cm. (E) Elongation of the third leaf sheath in response to the GA 3 treatment. The third sheath length was measured after the fourth leaf had developed. Error bars represent the SD from the mean (n = 10).
Most mutant plants were aborted within 2 months after sowing, even under sterile in vitro conditions. However, a few mutant plants (5.2%) survived and continued to grow after 2 months (Fig. 1D) . Interestingly, the stunted leaf phenotype of the surviving plants partially recovered at this stage (Fig. 1D) , suggesting that the function of DBS1 was less important for leaf growth at the late vegetative stage than during the early stage; however, root growth of the surviving mutants was severely inhibited (Fig. 1D) .
We examined the effect of GA 3 on the leaf sheath growth of mutants to determine whether the dbs1 mutation was related to gibberellin synthesis. When we treated the plants with various concentrations of GA 3 , elongation of the third leaf sheath started at 10 -7 M GA 3 in the WT, whereas no response occurred in the mutants, even at 10 -4 M (Fig. 1E ). This indicated that the dbs1 mutants were not defective in gibberellin synthesis. Although the mutants did not respond to the gibberellin treatment, we believe that growth inhibition of dbs1 was not caused by insensitivity to gibberellin but by a defect in more fundamental growth machinery, based on the overall phenotypic differences between dbs1 and the gibberellin-insensitive rice mutants that we had previously isolated (Sasaki et al. 2003 ). When we observed the internal structure around the shoot apical meristem (SAM) of the mutants at the third leaf stage (before abortion), the cells in the leaf primordia were enlarged by vacuolation to varying degrees (Fig. 2B) . Some highly enlarged cells contained fragments of the cell wall (arrowheads in Fig. 2B ). The well-organized cell files in leaf primordia of the WT ( Fig. 2A) were only marginally arranged by the enlarged cells of the mutants (Fig. 2B) . At the third leaf stage just before abortion (the plant is turning brown), the frequency of enlarged cells was lower in younger leaf primordia than in older primordia, and enlarged cells were non-existent in the SAM (Fig. 2C ), indicating that cell enlargement progressed with the development of leaf primordia. When we compared the frequency of enlarged cells and their sizes in the SAM and leaf primordia at about the third leaf stage, both frequency and The SD is given in parentheses; n = 23.
WT dbs1
Plastochron ( size were higher post-abortion relative to pre-abortion (Fig. 2C , D). For example, enlarged cells within the SAM dome were found in aborted plants (Fig. 2D ), while such enlarged cells were not observed in the SAM of plants just before abortion (Fig. 2C ). This comparison suggests that cell enlargement in the SAM and leaf primordia may cause plant abortion. Mutant plants that survived for >2 months contained many more normal-shaped cells in the leaf primordia, although some malformed cells with enlarged nuclei were noted (white arrowhead in Fig. 2F ).
We also compared the cell number and size of the SAM between the WT and dbs1 (Tables 2, 3 ). At the third leaf stage before abortion, both were similar in the WT and mutant. During growth, both the cell number and size increased in the WT, while both either did not change or slightly decreased in the surviving mutants. These results suggest that the dbs1 mutant can organize the SAM structure but cannot maintain the SAM size, probably because of abnormal cell division.
We also studied the internal structure of the seminal root (Fig. 3) . Cells in the elongation and divisional zone of the WT were arranged as well-organized cell files (Fig. 3A ). In contrast, the cell files in the dbs1 root were barely maintained by the enlarged cells (Fig. 3B ). The dbs1 root was much wider than the WT root owing to the lateral enlargement of cells, while the radial pattern at the root tip region was maintained in the mutant (Fig. 3D ). This indicated that the basic pattern of root formation was not affected by the dbs1 mutation, but the division and elongation of cells after the basic pattern was established were severely impaired. The initiation of the lateral root in the mutant root occurred in the region just above the root elongation zone, identical to the WT; however, the position was much closer to the root tip than occurs in the WT root (arrowhead in Fig. 3B ). The formation of the lateral root indicated that the organized cell division for lateral root initiation was not impaired by the dbs1 mutation, but the aberrant position of the lateral root formation suggests that the total longitudinal arrangement of the lateral root was disturbed in the mutant root by the inhibition of lateral elongation.
Severe defects in shoot and root growth were detected at the early seedling stage, and thus we also examined the structure of the mature embryo (Fig. 4) , which was almost normal and was similar to that of the WT; the mutant embryo developed all organs, including the SAM, three leaf primordia, coleoptile, scutellum, epithelium and radicle (compare Fig. 4A and B). However, there were variably enlarged cells in the scutellum (arrowheads in Fig. 4B ), coleoptile (arrowhead in Fig. 4D ) and radicle ( Fig. 4F) , suggesting that DBS1 function was responsible for cell division and elongation after the establishment of each organ following embryogenesis. We also examined the internal structure of the stem in the mutant (Fig. 5 ). In the WT at the juvenile stage, cells in the stem were randomly arranged, and the node and internode were not differentiated (Fig. 5A) . Vascular bundles were also randomly oriented. In contrast, at the eighth leaf stage (the adult stage), the node and internode were clearly differentiated and easily distinguishable by the randomly arranged small cells (node) and longitudinally arranged cells (internode; Fig. 5C ). In the mutant stem just before abortion at the third leaf stage, almost all cells were enlarged by vacuolation (Fig. 5B) , which was similar to the leaf primordia at the same stage (Fig. 2B ). This demonstrated that the dbs1 mutation induced serious cell vacuolation not only in leaf primordia but also in the stem. In stems of the mutant plants that survived at the early vegetative stage and continued to grow to the eighth leaf stage, the overall cell arrangement was similar to that of the WT stem at the juvenile phase (compare Fig. 5A and D) . Differentiation of node and internode with randomly running vascular bundles did not occur. The failure of the node/internode differentiation was not attributable to the GA 3 treatment, because internode differentiation is a prerequisite for initiating the intercalary meristem in the stem.
Molecular cloning of the DBS1 genes
We attempted positional cloning of DBS1 using F 2 plants from a cross between dbs1 (japonica) and Kasalath (indica). Genetic analysis indicated that the dbs1 mutation was recessive and occurred at a single locus (data not shown). The F 2 plants were segregated into two groups that showed the normal and dwarf phenotypes in a 3 : 1 ratio. The 3,100 F 2 mutant plants were used for positional mapping of the dbs1 locus. One derived-cleaved-amplified polymorphic sequence (dCAPS) marker on chromosome 1, K20611, was linked completely to the dbs1 mutation (Fig. 6A) . Around this position, we designed some molecular markers for fine mapping. This mapping analysis revealed that the dbs1 locus was in a region of 86 kb between markers M143 and S12368.
There are 15 putative genes in this 86 kb region according to the Rice Genome Project. We examined one of these genes, Os01g33040 (GenBank accession no. BAB32972). This gene product was homologous to the Nicotiana tabacum kinesin-like protein NACK1 (65.8% identity) and the Arabidopsis thaliana kinesin motor family protein HINKEL/AtNACK1 (64.2% identity; Nishihama et al. 2002 , Strompen et al. 2002 over almost the entire region, and the products of three genes constituted a single clade (Fig. 6C) .
When we performed a sequence analysis of the dbs1 mutant, we found that dbs1 contained one base substitution, G to A, at the junction between exon 1 and intron 1 (Fig. 6A) ; this is a critical nucleotide for splicing the donor site (Wu and Krainer 1999) . As expected, the transcript level of this gene was drastically decreased in the mutant relative to the WT (see below). This result strongly suggests that DBS1 corresponded to this kinesin-like gene, OsNACK.
To confirm that DBS1 encoded the kinesin-like protein, we also performed a complementation experiment. An 8.4 kb DNA fragment, including the entire OsNACK sequence, was introduced into dbs1 using an Agrobacterium tumefaciensmediated transformation. The dwarf phenotype of dbs1 was rescued in all plants that were resistant to hygromycin, a selection marker for transformation (Fig. 6B ). This confirmed that the dbs1 mutation was caused by the abnormal splicing of OsNACK.
Given that the mutation was located at the splice junction site of intron 1 and exon 1, which does not encode the open reading frame, the read-through transcription product of intron 1 may produce a functional DBS1 protein. Thus, we examined the transcription of DBS1 using reverse transcription-PCR (RT-PCR). We detected the product with the expected size corresponding to the transcript spliced with intron 1 when we used the total RNA extracted from the WT (Fig. 7A, B, I and II). In contrast, a product having the same size was not found in the dbs1 mutant. When we amplified the sequence from the 3′ region of exon 1 to the 5′ region of intron 1 using the primer combination III in Fig. 7B , the products from the unspliced (precursor) transcript were detectable as weak bands from both the WT and dbs1 plants (Fig. 7A, B, III) , because the RNA fraction derived from the total cell extract including the nuclear fraction was used. The product was not detectable without a reverse transcription, indicating that the products containing the intron 1 sequence were produced from the unspliced DBS1 Total RNA was isolated from various organs (indicated at the top), and semi-quantitative RT-PCR was conducted using primer set I (A). Signals were detected with the 32 P-labeled cDNA clone. Expression of the actin gene was used as a control.
transcript and not from the rice genome (Fig. 7A , III/-RT). We next examined whether the transcript was correctly spliced with intron 2 in dbs1. A faint but certain band with the expected size of the cDNA splice was detected using the total RNA from dbs1 as a template, whereas a strong band was produced from the WT RNA (Fig. 7A, B, IV) . The sequence analysis of this faint dbs1 band confirmed that this DNA band was derived from the spliced transcript of DBS1. These results indicated that the mutation at the splicing donor site of intron 1 caused a complete defect in the splicing of intron 1, resulting in a decreased level of the stable dbs1 transcript; however, a small amount of dbs1 transcript spliced out of intron 2 was produced. In the same manner, the decreased level of dbs1 transcript spliced out of intron 14 was also detected (Fig. 7A, B,  V) . Analyses of other junction sequences of the DBS1 mRNA isolated from the mutant confirmed that splicing occurred normally at all of the splicing sites we tested, except intron 1 (data not shown). As the translation initiation site for the OsNACK protein is located at the front of exon 2 (Fig. 7A) , it is possible that the DBS transcript remaining in the intron 1 sequence produced the functional OsNACK protein. We also examined the expression of DBS1 in various rice organs using semi-quantitative RT-PCR. Bands were produced by all RNA samples extracted from various organs (Fig. 7C) . RNA extracted from the SAM produced relatively stronger bands, whereas RNA from the flower and leaf blade produced relatively lower intensity bands. The preferential expression of DBS1 in the SAM, and its low expression in the flower, may correspond to the ability of each organ to carry out cell division.
Discussion
We analyzed an extremely severe dwarf mutant of rice, dbs1. The DBS1 gene encodes a kinesin-like protein, which is highly homologous to a tobacco kinesin-like protein, NACK1, and to the Arabidopsis HINKEL/AtNACK1 protein. Phylogenetic analysis has classified these proteins in the same group as various types of kinesin-like proteins (Fig. 6C ). The precise biochemical and cytohistological analyses on this type of kinesin-like protein by Y. Machida's group have revealed that this type of kinesin-like protein is essential for cytokinesis of plant cells in both gametophytic (haploid) and sporophytic (diploid) proliferation, acting through the regulation of the activity and localization of the mitogen-activated protein kinase kinase kinase (MAPKKK; Tanaka et al. 2004 ). All of the phenotypic characteristics of dbs1 described above can be explained by the defect in cytokinesis. Therefore, the rice kinesin-like protein DBS1 may have the same function in cytokinesis by means of the MAP kinase cascade.
It is noteworthy that the BLAST search of rice NACKlike genes using all available rice DNA databases indicated that the rice genome contained only one gene, DBS1, which has a product that is categorized in the same group as the tobacco NACK and AtNACK (Fig. 6C) , while Arabidopsis contained two homologous genes in this group, AtNACK1/HINKEL , Strompen et al. 2002 , Mayer and Jurgens 2004 ) and AtNACK2/STUD/ TETRASPORE (Hülskamp et al. 1997 , Spielman et al. 1997 , Yang et al. 2003 , Mayer and Jurgens 2004 . Although loss-of-function mutations in the genes AtNACK1 and AtNACK2 resulted in the occasional failure of somatic and male-meiotic cytokinesis, respectively, these genes function redundantly in somatic and meiotic cytokinesis, and the double mutants were defective in both male and female gametogenesis ). In rice, in the knockout mutant in DBS1, it is expected that the phragmoplast microtubule array fails to expand toward the cell periphery at late stages of cytokinesis, and for it to be embryo-lethal, because DBS1 is a single gene of the NACK family in rice. In this context, the dbs1 mutant may not be a knockout mutant but may instead be a knockdown mutant, even though the mutant was placed in the most severe dwarf mutant group. RT-PCR revealed that one nucleotide substitution at the splice junction of intron 1 in dbs1 caused a failure in the splicing of intron 1 and a dramatic decrease in its transcript level, although it was not a complete loss (Fig. 7B) . Given that the translation initiation site for DBS1 protein is located at the 5′-terminal region of exon 2, it may be possible that the transcript carrying the intron 1 sequence still produces a functional product. This is the most reasonable explanation as to why homozygous embryos of dbs1 can be formed and why the homozygous plants can grow with severe dwarfism. The possibility is not excluded, however, that the other rice kinesins may play a redundant role like OsNACK.
The leaky mutant of the NACK-type kinesin-like gene provided an opportunity to determine the biological steps that needed a certain level of the NACK-type protein to function. For example, the embryogenesis of dbs1 occurred almost normally, with the development of all embryonic organs, although enlarged cells were observed in the scutellum, coleoptile and radicle (Fig. 4) . This indicated that rice embryogenesis might occur with a limited level of NACK protein function. In contrast, most mutant plants died within a few weeks after sowing, indicating that some level of the NACK protein may be necessary for growing to the juvenile stage. Interestingly, the mutant plants that survived to the juvenile stage became much healthier and partially countered the dwarfism in their leaves (Fig.  1D) . As the mRNA level of DBS1 was not very different in WT leaves between the juvenile and adult phases (data not shown), the dramatic phenotypic differences between these two phases may have been caused by differential DBS1 requirements. Consequently, a higher level of DBS1 was essential for normal growth of rice seedlings at the juvenile phase, but, at the adult phase, that same level of DBS1 was not necessary. This may be reflected in the higher frequency of cell division in the shoot apex region during the juvenile phase than in the adult phase (Itoh et al. 2005) . Another possibility should be noted that the stability of the aberrant dbs1 mRNA in the mutant plants might be higher at the adult stage than at the juvenile stage.
Even under severely restricted conditions during cytokinesis, the dbs1 plant succeeded in initiating almost all organs at almost the correct times and places. For example, leaf primordia were developed from the dbs1 SAM with a normal plastochron interval and in a normal distichous-alternate-phyllotaxis manner (Table 1) . Lateral root primordia were initiated around the region just above the root elongation zone, identical to the WT (Fig. 3B) . Crown root initiation also occurred on the outside, adjacent to the peripheral vascular cylinder of the stem, just as in the WT (data not shown). Moreover, organogenesis was almost normal in the dbs1 embryo. These observations led us to speculate that the initiation of organ formation can occur almost normally even under the restricted conditions of cytokinesis, but the growth and/or development of organ primordia after organ initiation was more dependent on the process. This indicated that the number and/or frequency of cell divisions essential for organ initiation were much less than that for subsequent organ development, regardless of organ type.
Although the severe dwarfism of dbs1 was ameliorated and became much milder in the adult phase, the internal structure of the stem was apparently different from that of the WT stem at the same stage and was similar to the WT stem at the juvenile phase (Fig. 5D ). In fact, the mutant stem did not develop the node-/internode-differentiated structure, and vascular bundles were randomly organized, which are typical stem characteristics at the juvenile phase (Fig. 5A) . The failure at the transition from the juvenile-type stem structure to the adult type in dbs1 may be attributable to two possible causes. One is that the DBS1 product was directly involved in the phase transition of the stem, and the other is that a defect in cytokinesis prevented the development of the node-/internode-differentiated structure. The first hypothesis is less feasible because it is highly unlikely that the NACK kinesin-like protein is directly involved in the phase transition from juvenile to adult. The second hypothesis may better explain the failure of the node-/ internode-differentiated structure. In fact, such an obstacle in the transition of the stem structure has been observed in other mutants, such as BR-related dwarf mutants and transgenic rice plants that interfere with auxin signaling, all of which are inhibited in the division of stem cells (A. Nakamura, I. Umemura, K. Gomi, Y. Hasegawa, H. Kitano, T. Sazuka and M. Matsuoka, unpublished). Taken together, these results suggest that the division of stem cells is a prerequisite for the development of the node-/internode-differentiated structure. This is quite different from the case of leaf and root initiation mentioned above and indicates that the initiation of the node and internode is controlled by a mechanism different from that of the leaf and root. Further study on the development of the node/internode structure needs to be conducted to understand better the molecular mechanism of rice stem elongation because intercalary meristem development in the internode is essential for stem elongation.
Materials and Methods
Plants and growth conditions
The dbs1 mutant used in this study was identified in a mutant library of Oryza sativa L., which was generated using N-methyl-Nnitrosourea. WT and dbs1 plants were grown in a greenhouse at 30°C (day) and 24°C (night), or were germinated and grown on MS medium (Murashige and Skoog 1962) under fluorescent lighting at 30°C.
Gibberellin induction in shoot elongation
Seeds of WT and mutants were sterilized with 2.5% NaClO for 30 min and washed five times in sterile distilled water. The seeds were placed on 1% agar plates, grown under fluorescent light at 30°C for 4 d, and then transferred to 1% agar plates containing various concentrations of GA 3 . The length of the third leaf sheath was measured 4 d after the application of GA 3 .
Mapping, isolation and sequencing of DBS1
To map DBS1, F 2 plants from a cross between dbs1-1 and the indica strain Kasalath were used. Approximately 3,100 F 2 plants of this cross were used for the positional cloning of DBS1. To identify the mutation sites in dbs1, DBS1 was amplified using genomic DNA extracted from the mutant and WT. The amplified DNA fragments were sequenced directly using the appropriate primers. A DBS1 genomic DNA fragment was isolated from the phage P1-derived artificial chromosome (PAC) clone P0504D03, which was derived from the DNA bank of the Ministry of Agriculture, Forestry, and Fisheries Genebank project. The clone contained the entire coding region and the 5′-and 3′-flanking regions of DBS1.
Microscopic analysis
For light microscopy, tissues or embryos were fixed in FAA (5% formaldehyde, 5% glacial acetic acid, and 63% ethanol) and dehydrated in a graded ethanol series. The samples were embedded in Paraplast Plus (Sherwood Medical, St Louis, MO, USA). Microtome sections of 10 µm thickness were applied to silane-coated glass slides (Matsunami Glass, Osaka, Japan). The sections were deparaffinized in xylene, dehydrated through a graded ethanol series, and dried overnight before staining with hematoxylin.
Complementation of the dbs1 mutant
A construct containing the DBS1 gene was introduced into dbs1. The DBS1 gene in the PAC clone P0504D03 was digested with ClaI, after which the ends were filled in. The approximately 8.7 kb fragment was fused onto the SmaI site of the binary vector pBI-Hm12, which contained a hygromycin-resistant gene provided by Dr. Hiroyuki Hirano (Tokyo University, Tokyo, Japan). The binary vector was introduced into the A. tumefaciens strain EHA101 (Hood et al. 1986 ) using electroporation, and rice plants were transformed with this strain as described in Hiei et al. (1994) . Control plants were generated by introducing the empty vector into the dbs1 mutant callus.
RNA isolation and RT-PCR
WT and dbs1 seeds were grown on 1% agar plates. Total RNA was isolated from various rice tissues using the RNeasy kit (Qiagen, Hilden, Germany), with the addition of an RNase-free DNase I treatment (TAKARA BIO INC., Otsu, Shiga, Japan). First-strand cDNA was synthesized in a reverse transcriptase reaction with 0.5 µg of total RNA using the Omniscript reverse transcription kit (Qiagen).
The 5′ and 3′ primers for each experiment were as follows: I, 5′-AGCGGCAGTGGCCTCGATCG-3′ and 5′-AATCTTCTCCTCCTTG-ACCC-3′; II, 5′-AGCGGCAGTGGCCTCGATCG-3′ and 5′-CAAG-GCCAGTTCTTTCTTGC-3′; III, 5′-AGCGGCAGTGGCCTCGATCG-
